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- iodine is taken up by Macrocystis in a time and concentration dependent manner
-upon oxidative stress, a marked efflux of iodide occurred.  
-hydrogen peroxide was elicited in Macrocystis upon the addition of oligomeric degradation products of alginate 














 Reactive halogens of marine origin represent an important link between ocean biology, atmospheric composition and climate. Seaweeds are major producers of such species such as I2 and diiodomethane, which are important in the destruction of tropospheric ozone and in coastal cloud formation []. Some seaweeds have also been shown to release iodide, thus potentially influencing iodine speciation of surrounding seawater [1].  
Brown algae are unique in that they feature a highly evolved halogen metabolism, the chief function of which is proposed to be the provision of iodide as a simple inorganic antioxidant protecting the apoplast and thallus surface against oxidative stress  ADDIN EN.CITE [, ]. A further, intriguing function may be osmogulation  ADDIN EN.CITE []. Iodine uptake in seaweeds has attracted research interest for decades. Initially, interest focused on fucoids: Baily and Kelly [] studied iodine uptake in Ascophyllum nodosum, while Klemperer [] investigated Fucus ceranoides. First studies involving kelps were conducted by Shaw [, ] on Laminaria digitata. Later, Küpper et al. [] established the involvement of haloperoxidases and hydrogen peroxide in iodide uptake in L. digitata, while Ar Gall et al. [] surveyed tissue distribution in correlation to haloperoxidase activity, seasonal and latitudinal differences in iodine accumulation in the same species. Iodine transport within thalli of Saccharina latissima was studied by Amat and Srivastava []. Saenko et al. [] provide an overview of iodine levels in a large diversity of seaweed species. 
The majority of studies conducted thus far have focused on Laminaria digitata, a North Atlantic brown alga which is thought to be a major biogeochemical pump of iodine and bromine from the ocean to the atmosphere and the strongest iodine accumulator currently known among all living systems   ADDIN EN.CITE [, , , ].  Alicke et al. [] first reported high iodine oxide levels above Laminaria forests, while O’Dowd et al. [] showed that these can lead to aerosol formation in the marine boundary layer. Based on these studies, a model of the global iodine cycle has been proposed []. The role of kelps in the coastal iodine cycle has been experimentally quantified by Nitschke et al.  ADDIN EN.CITE []. The apoplastic (cell wall) location of iodine storage has been documented by Verhaeghe et al. []. Using a variety of biochemical and high-level spectroscopic tools, some fundamental aspects of the halogen metabolism of this organism have been established  ADDIN EN.CITE [, ].  It has been demonstrated for example that: a) iodide is the form of iodine taken up and that it is accumulated up to > 5 orders of magnitude against a strong concentration gradient via an oxidative process involving vanadium-dependent haloperoxidase enzymes b) enigmatically, the now oxidized iodine species (likely HOI) which is taken up by a facilitated diffusion mechanism, must be subsequently re-reduced  (by an as yet unknown process) as it appears to be  stored as iodide in the cell wall (apoplast) rather than being internalized; c) upon exposure to certain elicitors algal cells respond with an oxidative burst of hydrogen peroxide followed shortly thereafter by a massive efflux of iodide from the apoplast. It is thought that the oxidative burst is an antibacterial defense mechanism and that iodide efflux functions as an antioxidant to scavenge excess hydrogen peroxide and other ROS. Indeed, iodide is best suited among the halides as an antioxidant against all biologically relevant ROS (H2O2, O3-, OH-) except superoxide where it is complemented by bromide [].  While iodide appears to make up most of the accumulated iodine in brown algae – and most of the gaseous emissions consist of molecular iodine, exceeding organic emissions by several orders of magnitude - the best-known organic halogen compounds from brown algae are a range of bromo- and iodomethanes such as CH2I2, CHBr3 and CH2Br2  ADDIN EN.CITE [, ]. Vanadium haloperoxidases  ADDIN EN.CITE [] are key enzymes for brown algal halogen metabolism, both for iodine accumulation [], antioxidant defense [] and halogenation reactions []. Laminaria contains a multigenic family of these enzymes, with two subfamilies – the bromo – and iodoperoxidases, respectively, which are hypothesized to fulfill the different, aforementioned functions  ADDIN EN.CITE [, ].  
	Kelps (Laminariales, Phaeophyceae) are the most conspicuous subtidal algae in the coastal euphotic zones of temperate to Polar Regions. Eastern North Pacific kelp forests, in particular, are among the most productive of global ecosystems. They occur from the intertidal to several tens of meters depth and support diverse assemblages of benthic algae, invertebrates, finfish, sea birds and marine mammals, and because of the inordinately high growth rates may enhance overall standing stock in nearby coastal ecosystems []. Along the west coast of North America, the primary canopy-forming species is the giant kelp, Macrocystis pyrifera (L.) C. Agardh (hereafter Macrocystis), which dominates this ecosystem from the Pacific coast of central Baja California, México, to central California, USA, and parts of coastal Alaska. Macrocystis is also the dominant canopy forming kelp throughout much of the coastal ecosystems in the southern Hemisphere, including Peru, Chile, Argentina, South Africa, Australia, New Zealand and the Sub-Antarctic Islands  ADDIN EN.CITE [].  With a length of up to around 60 m, Macrocystis is also by far the largest seaweed in the world and part of its fronds floats at the sea surface, exposed to air.  Indeed, one of the largest organisms on Planet Earth, it is of paramount ecological and economic importance. In 1995-1996, Macrocystis contributed around 116,000 t fresh weight biomass to the global alginate industry (in comparison to 178,500 for Laminaria hyperborea and 60,000 t for L. digitata, respectively) and supports an economic activity of several hundred million dollars annually [].
	This work was conducted to test the hypothesis that Macrocystis has the biochemical equipment for being a major player in the marine-atmospheric iodine cycle. Here we describe key aspects of the uptake and efflux of iodine in Macrocystis together with its complement of vanadium haloperoxidases and suggest that this organism is likely an important player in local, regional and global halogen biogeochemical cycles.

Materials and Methods 
Algal collection and culturing 
Unialgal sporophytes were grown in the lab and used for arachidonic acid and methyl jasmonate experiments.  The sporophytes were produced by mating compatible pairs of Macrocystis pyrifera gametophytes: two pairs from South America (Magellan Strait - ♀: CCAP 1323/3 / ♂: CCAP 1323/4 and Puerto Montt, Chile - ♀: CCAP 1323/1 / ♂: CCAP 1323/2, respectively). Cultures were grown in Provasoli ES medium prepared from artificial seawater (WIMEX, Krefeld, Germany, adjusted to 30‰ salinity), or natural Atlantic open-ocean water. They were illuminated with daylight-type fluorescent lamps at an irradiance of 9 E  m-2  s-1 for 10 h per day and kept at 10 1C, which is close to the conditions reported by Westermeier et al. []. Sporophyte thalli were transferred to fresh medium at one-or two-week intervals. They were used for arachidonic acid and methyl jasmonate elicitation experiments when they had reached a length of 5 mm to 3 cm.  All other experiments used field collected tissue samples (see below).
Macrocystis pyrifera sporophyte phylloids were collected via SCUBA from the Point Loma kelp beds (San Diego, CA) at approximately 10 m depth between July 2014 and April 2015.  Adult kelp blades between 70-80 cm in length were collected from three different thalli (for a total of three blades) in order to perform experiments in triplicate.  Phylloids were wiped with filtered, autoclaved seawater to remove any epiphytes. Algal samples of 12 cm2 (3 cm x 4 cm) were incubated on shakers at 13°C in tanks of filtered and aerated Scripps Pier seawater (SPSW) and used within 1 day after collection. Blade clippings were used for uptake, efflux, and elicitation experiments and were allowed to recover in SPSW for 30 minutes prior to these experiments. 
Determination of total iodine concentrations in tissue samples 
	Iodine was extracted from algae by alkaline leaching with tetramethylammonium hydroxide (TMAH) (Sigma Aldrich, USA) and concentration determined by ICP-MS. Replicate field collected samples of blade, holdfast and stipe were lyophilized and ground to a fine powder using a mortar and pestle. Approximately 0.1g of the powdered algal material was incubated with 2 mL of 25% TMAH for approximately 72 hours at room temperature.  The sample was centrifuged and the supernatant was decanted and diluted to approximately 0.25% TMAH.  For the determination of the total element content an Agilent 8800 Triple Quadrupole ICP-MS (Agilent Technologies, UK) equipped with a Scott-type spray chamber and a MicroMist concentric glass nebulizer (Glass Expansion, West Melbourne, Australia) was used. The sample and skimmer cones were composed of Ni. The ICP-MS/MS was operated in oxygen (MS/MS-mode) mode for different elements. Collision/reaction cell (CRC) gas flow rates for oxygen were 30% (~ 0.3 mL/min).  Instrument calibration was performed by employing iodine standards of up to 1000ng/mL in dilute TMAH containing Te as internal standard.  Duplicate trials were averaged.  

H2O2 production elicited by arachidonic acid and methyl jasmonate
	The concentration of hydrogen peroxide in the medium around algal thalli was determined fluorometrically.  Typically, 200 µL aliquots (out of 10mL) were taken for each measurement and H2O2 detected by measuring the oxidation of dichlorohydrofluorescein diacetate (DCFH-DA) in the presence of esterase.  Stock solutions of DCFH-DA (10mM) and esterase (E.C 3.1.1.1, Sigma 41 U/mL) were prepared in dimethyl sulfoxide (DMSO) and Muller’s medium, respectively.  Esterase (0.82 U) and DCFH-DA (25 µM) were added to each aliquot and the conversion of DCFH-DA to dichlorohydrofluorescein (DCFH) was measured on an LS50B luminescence spectrometer (Perkin-Elmer, Norwalk, CT, USA).  The wavelengths of excitation and emission were 488 and 525 nm, respectively.   

Preparation of oligosaccharide elicitors
Oligosaccharides for triggering defense reactions as described previously [] were prepared according to Haug [] using commercially available sodium alginate from brown algae (Sigma Aldrich, USA) to yield three fractions: homopolymeric mannuronic (MM), guluronic (GG), and heteropolymeric (MG) acids.  Briefly, 1 part alginate was hydrolyzed in 100 parts 0.3 M hydrochloric acid for two hours at 100°C.  The soluble portion was removed by centrifugation and carefully neutralized with dilute sodium hydroxide.  The insoluble portion was suspended in water and dissolved by neutralization.  Sodium chloride was added to 0.1 M, and the solution was mixed with 25 mM HCl to pH 2.8-3.0.  The soluble portion was removed by centrifugation and the insoluble portion was suspended in water.  A sample of each fraction (MM, MG, GG) was lyophilized and re-dissolved in D2O for structural confirmation by proton NMR []. Arachidonic acid (5,8,11,14-eicosatetraenoic acid, C20:4) and methyl jasmonate (Sigma Aldrich, USA) were dissolved in dimethyl sulfoxide (DMSO) to obtain stock solutions. 
H2O2 production elicited by oligoguluronates
In order to investigate the possible link between oligoguluronates and an oxidative stress response in Macrocystis, as previously observed in Laminaria, the redox-sensitive fluorescent probe dichlorohydrofluorescein diacetate (DCFH-DA) was used to detect H2O2 accumulation in mature blade cross sections as previously described for Laminaria [].  In its diacetate form, DCFH-DA is non-fluorescent and able to diffuse across cell membranes.  Once inside a cell it is hydrolyzed by intracellular esterases and then oxidized by reactive oxygen species (ROS) such as hydrogen peroxide to the fluorescent DCFH. DCFH-DA stock solution was made by dissolving DCFH-DA (Sigma) in ethanol to produce 10 mM stock.  Fresh, untreated Macrocystis blades were cross-sectioned using razor blades, and placed in the dark in Petri dishes containing 3 mL of filtered seawater and 3 µL of DCFH-DA from the stock solution.  After 15 minutes cross sections were removed from the DCFH-DA loading solution, rinsed with filtered seawater and placed in a petri dish to which a few drops of filtered seawater was added.  Initial images were recorded prior to the addition of oligoguluronoate (OG) elicitor. Thalli were subsequently elicited with 50 µL of 150 µg  mL-1 OG and images recorded every 15 min. Duplicate trials revealed similar results.  Imaging was performed using a Nikon Eclipse TE2000-U microscope interfaced with an X-cite 120 Fluorescence Illumination System using excitation and emission wavelengths of 498 and 522 nm, respectively. 
Iodide uptake and efflux in Macrocystis 
For uptake experiments, blade pieces (ca. 12 cm2, 3 cm x 4 cm; 0.55 - 0.75 g fresh weight) were incubated on a shaker with 100 mL of filtered (0.45 µm filter) seawater enriched with various concentrations of KI (1-100 µM) (Sigma Aldrich, USA).  Natural Scripps Pier seawater (SPSW [I-] = 130 ± 30nM) was used for all experiments, which was filtered and then autoclaved for sterilization.  Autoclaved SPSW was then allowed to equilibrate for several days to allow any salt precipitates that formed during the autoclave process to redistribute.  For each experiment the biomass to volume ratio was approximately 6.5 mg tissue/ ml seawater medium.   The incubation medium was stirred to ensure homogeneity prior to taking aliquots (approximately 2 mL) at various time points.  The aliquots were stored frozen (-18°C, up to 3 months) if not immediately analyzed for iodide concentration.  
To determine whether the iodide uptake rate is affected following a stress/efflux event, fresh blades were first incubated with either 100 µM or 1 mM of H2O2 for 2 hours, respectively, thoroughly rinsed with SPSW and placed in 10 µM iodide enriched SPSW.  100 µM H2O2 is commonly encountered in culture media of brown algae under oxidative stress [], while 1 mM H2O2 is encountered locally on the thallus surface of the kelp Laminaria during an oxidative burst [].
Iodide concentrations in incubation medium from uptake and efflux experiments were determined by cathodic stripping square wave voltammetry (CSSWV) according to Luther et al. []. Briefly, 1.3 mL of sample was pipetted to a voltammetric cell to which Na2SO3 (1 M; Sigma Aldrich, USA) and Triton X-100 (0.4% v/v; Fisher Scientific, USA) were added to increase the sensitivity for the iodide peak.  The sample was purged for several minutes with nitrogen to remove oxygen.  System parameters were as follows: deposition potential (0 mV), deposition time (30 s), initial potential (-100 mV), final potential (-500 mV), step size 2 mV, SW Amp (20 mV), SW frequency (100 Hz). Analysis was performed on a controlled growth mercury electrode model MF-9058 interfaced with Epsilon software (BASi, USA).  A platinum wire served as the auxiliary electrode and an Ag/AgCl electrode was used as the reference.  The optimum linear range for the media used here produced a signal up to 0.2 µA; appropriate sample dilutions were performed using MQ H2O.  Concentrations were determined by the method of standard additions of KI at appropriate dilutions to afford a signal within the linear range. Experiments were conducted in triplicate.  Data were fitted to appropriate equations using SigmaPlot 12.5.
Vanadium Dependent Haloperoxidase Activity Assay
Enzymes from field collected mature, untreated Macrocystis tissue (holdfast, stipe, blades, and pneumatocysts) were extracted and assayed for vanadium dependent haloperoxidase activity following the procedures outlined by Colin et al. []. Briefly, enzymes were extracted with an aqueous salt/polymer two-phase system consisting of 20% (w/v) K2CO3 and 13% (w/v) polyethylene glycol (1550 Da).  1.5 g of lyophilized, powdered kelp material was extracted in 50 mL of the two-phase system by shaking for 30 min.  The two phases were separated by centrifugation at 5,000 x g for 15 min, and 6% (w/v) (NH4)2SO4 and 3 volumes of acetone were added to the upper phase.  After 1h at -20º C, the protein extract was pelleted by centrifugation at 10,000 x g for 10 min, dissolved in 50 mM Tris-HCl, pH 9.0 buffer, and dialyzed overnight against the same buffer with 2 mM of sodium vanadate to reactivate the enzymes.  Native gel electrophoresis was carried out using 10% polyacrylamide slab gels.  SDS samples were denatured by boiling at 100ºC for 10 min and run on PAGEr® polyacrylamide precast gels (4-20% Tris-Glycine). Haloperoxidase activities were detected on non-denaturing gels, soaked with 100 mM potassium phosphate buffer, pH 7.4, in the presence of 0.1mM ο-dianisidine, 0.45 mM H2O2, and 10 mM potassium iodide or potassium bromide for revealing iodoperoxidase and bromoperoxidase activities, respectively.  Triplicate trials revealed similar results.  
Results
Iodine concentrations in Macrocystis sporophytes
	Figure 1 shows the average concentration of iodine in the holdfast, stipe and blade of field collected Macrocystis as determined by ICP-MS. The greatest iodine content was found in the holdfast while the blade and stipe contained amounts similar to each other but some 2-3 fold less than the holdfast.  The average iodine concentration in Macrocystis tissue from this study is 2.77 ± 0.069 mg  g-1 dry weight.  
Iodide uptake by Macrocystis sporophytes
The rate of iodide uptake from natural seawater spiked with 10 µM KI by thallus pieces cut from the center of mature Macrocystis blades was nearly linear for a period of at least 2 hours with an average rate of 0.27 ± 0.01 moles  hr-1  g-1 fresh weight (figure 2). Concentration-dependent uptake experiments on mature blades revealed saturation like kinetics (figure 3) with apparent Vmax and Km values of 0.5 ± 0.177 µmoles  hr-1  g-1 fresh weight and 21 ± 2.97 µM, respectively. Preincubation of Macrocystis blades with H2O2 at a concentration of 1 mM for two hours resulted in reduced net iodine uptake compared to the control, likely due to iodine efflux initiated by the H2O2 treatment.  Preincubation at a H2O2 concentration of 100 µM, however, had a negligible effect on iodide uptake.
Induction of oxidative burst
As shown in Fig. 4, both arachidonic acid and methyl jasmonate induced a strong oxidative burst in Macrocystis, and the effect could also be inhibited by 10 µM diphenylene iodonium (DPI). Correspondingly, treatment of Macrocystis blade samples with GG blocks, derived from Macrocystis alginic acid, likewise elicited an oxidative burst of hydrogen peroxide as determined by fluorescence microscopy in the presence of the redox-sensitive fluorescent probe dichlorohydrofluorescein diacetate.  As can be seen in Figure 5, fluorescence, indicative of the presence of hydrogen peroxide, appears in or around the cells at the periphery of the blade 45 min after elicitor treatment (presumably the meristoderm).
Iodide efflux induced by H2O2
Adult Macrocystis incubated in the presence of greater than 1 mM H2O2 released iodide into the surrounding seawater at an average rate of 0.50 ± 0.03 moles  hr-1  g-1 FW.  However iodide efflux was not linear but rather occurs as a burst beginning approximately 90-120 minutes post treatment (figure 6).  This pattern was consistent in all trials, although the magnitude of efflux varied between trials, possibly due to uncontrolled experimental stressors (i.e. collection and transport). Only a low background evolution of iodide is seen for the first 2 hours which is dependent on the amount of cut surface area present in the blade plugs used for the experiment. This lag phase of iodide efflux following an oxidative stress event is a significant difference to Laminaria where iodide release is immediate  ADDIN EN.CITE [where iodide release is immediate; , ] implying that there may be mechanistic differences, which are not understood at present. Iodide release was dependent on the peroxide concentration between 50-2000 µM. At the maximum H2O2 concentration tested, 2000 µM, kelp tissue released 0.49 µmoles of iodide / gram tissue. 
Haloperoxidase assays





Overall, the outcomes of this study show that as with other brown algae, Macrocystis has an elaborate halogen metabolism, which likely has implications for coastal ecosystem functioning, by impacting marine and atmospheric chemical processes given its large biomass and wide distribution range. However it also reveals significant differences between members of this group of organisms. 
In particular, while iodide is taken up by Macrocystis in a concentration-dependent manner consistent with a facilitated diffusion mechanism as seen with other brown algae that have been studied [] its uptake rate is at least an order of magnitude slower than that of Laminaria (table 1).  It should be noted that the methodology of measuring iodine removal from the solution has previously been found to be a reliable proxy for iodine uptake [], also because iodide is very stable in solutions [].
Additionally, the concentration of iodine in Macrocystis tissues is considerably less than that seen in the more widely studied Laminaria. The latter is reported to contain between 1-5% iodine on a dry weight basis  ADDIN EN.CITE [, , , ] while we and others [] find only between 0.1-0.5% in Macrocystis. Even less (0.02-0.08%) is found in the related Ectocarpus siliculosus [] showing a rather broad distribution of iodine storage in brown algae.  However these differences  in uptake and storage of iodine by members of the brown algae are consistent with the purported role of iodide as an antioxidant in large and morphologically complex brown algae since Laminaria, which is completely exposed to both desiccation and sunlight bleaching during strong low tides, undergoes the greatest oxidative stress and takes up and stores the most iodine while Macrocystis, which undergoes less oxidative stress by never experiencing full desiccation, takes up and stores intermediate amounts of iodine. Conversely, Ectocarpus, which is almost permanently submersed and a simple filamentous morphology, has the lowest iodine levels []. However, as highlighted by the study of Nitschke and Stengel  ADDIN EN.CITE [], the role of iodine in kelps may also include an osmoregulatory function which certainly deserves further investigation in the case of Macrocystis.
Furthermore, the distribution of iodine between different tissue types appears to vary between species. Several studies have shown that in Laminaria the highest amount of iodine is accumulated in stipe tissue, followed closely by blade with significantly smaller concentrations in the holdfast.   This study reveals that in Macrocystis the highest iodine concentrations are found in the holdfast, the smallest in stipe, with blade concentrations between these two extremes. The higher concentrations in Macrocystis holdfast tissue could be due to several reasons: 1) highly stressed tissue (exposed to sunlight, higher temperatures, wave action) releases iodide as a defense response. The holdfast is not exposed to as much stress as blades and stipe, resulting in less iodide efflux and higher tissue concentrations.  2) As iodine uptake is thought to involve iodoperoxidases, the abundance of this enzyme in the tissue type would greatly affect the concentration.  This study showed that iodoperoxidases were only detected in blade and holdfast tissue, not in stipe.  The lower concentration of iodine in stipe tissue could result from the lack of iodoperoxidase in that tissue type.  The variation in tissue concentrations likely results from a combination of these factors. 
Based on previous studies that suggest the function of the stored  iodide in brown algae is as an inorganic antioxidant [], the effects of H2O2 on iodide efflux in Macrocystis were investigated.  The results of this study clearly show that upon oxidative stress, Macrocystis effluxes iodide, strongly suggesting that the same antioxidant mechanism as in Laminaria  ADDIN EN.CITE [, ] is also operative in giant kelp. The large variability between individual kelp thalli is also consistent with findings in Laminaria  ADDIN EN.CITE [, ]. This study also confirms previous results  ADDIN EN.CITE [, ] that Macrocystis can recognize oligoguluronates, arachidonic acid and methyl jasmonate as exogenous elicitors. Furthermore, the oxidative burst can be inhibited by DPI, suggesting that the source of superoxide is an NAD(P)H-dependent oxidase [, ]. However the response kinetics of iodine efflux following elicitor challenge is quite different: thus while efflux starts after a very short lag after elicitation in Laminaria, there is an approx. 1 hour lag phase in Macrocystis. At present, it is unclear what the underlying physiological or chemical cause is for the markedly different response kinetics. 
 Vanadium-dependent haloperoxidases are known to play an important role in the halogen metabolism of brown algae [36]. Chloro-, bromo- and iodoperoxidases are all known and their names reflect their redox capability with the iodoperoxidases only able to oxidize iodide, the bromoperoxidases oxidize both bromide and iodide and the chloroperoxidases all three  ADDIN EN.CITE [, ]. Laminaria for example is known to have a range of both bromo- and iodoperoxidases present [].  Based on homology with the Ectocarpus genome at least one haloperoxidase was expected for Macrocystis although its substrate specificity was not known nor if there are others present  ADDIN EN.CITE []. Indeed, vanadium haloperoxidases had been previously reported from Macrocystis  ADDIN EN.CITE [, ]. However a A recent transcriptomic analysis of Macrocystis across depth and season showed that a VPO was indeed present and that its transcript abundance was 5-10X higher in the surface exposed tissues vs. those at depth, consistent with a role for VPOs in an oxidative stress response []. When we assayed for haloperoxidase activity in Macrocystis via gel based assay [] we found evidence for a number of both bromo- and iodoperoxidases, the activities and molecular weights of which appeared to be tissue specific. It is tempting to hypothesize that this tissue-specific, differential expression of haloperoxidases reflects different, tissue-dependent functionalities, e.g. iodide uptake vs. halocarbon synthesis. The bands of 140 kDa are most likely bromoperoxidases (BPOs), as they are present in all tissue types and the relative molecular mass is comparable to the BPO in Laminaria [].  The blade and holdfast extracts also revealed additional bands, presumably iodoperoxidases (IPO), not present in the other extracts.  Both blade and holdfast have a band around 50 kDa and holdfast has a third band of 17 kDa that is specific to the holdfast tissue.  As these bands are unique to blade and holdfast tissue, it can be assumed that these correspond to IPOs since only blade and holdfast extracts revealed IPO activity in the in-gel activity assay.  Furthermore, the IPO extracted from Laminaria has a similar relative molecular mass of 75kDa [].
Broader Significance of Macrocystis Halogen Metabolism
Understanding halogen biochemistry and metabolism in Macrocystis has important implications in terms of its potential effects on iodine speciation in coastal seawater [] as well as regional and global climate since seaweeds have been identified as major emitters of organic and inorganic iodine and of organic bromine to the coastal atmosphere in different parts of the world  ADDIN EN.CITE [, ]. Macrocystis seems particularly relevant in this context since a large part of its fronds constantly float at the sea surface, exposed to air and, thus, atmospheric oxidants – unlike L. digitata, which only gets partly exposed during spring tides. Efflux of iodide upon oxidative stress from kelp tissues has been shown to alter iodine speciation in shallow coastal waters harboring giant kelp communities []. Iodide efflux has also been detected in the North Atlantic kelp L. digitata  ADDIN EN.CITE [, , ], and has since been detected in other brown algae such as Fucus serratus [] and the red alga Kallymenia antarctica []. The finding of iodide efflux by Macrocystis within the framework of this study may be even more significant given the very large standing stock and geographic expanse of giant kelp in the world.
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Table 1.  Comparison of Uptake Rates of Iodide by some Brown Algae
Study	Species	Uptake rate	Standardized uptake rate	Vmax (g tissue)-1	Vmax (cm)-2	
Küpper et al., 1998	L. saccharina	2.8 nmol  (gtissue)-1  min-1 
at 2 μM	35.9 fmol  cm-2  min-1	75.6 nmol  (g tissue)-1  min-1	3.17 nmol  cm-2  min-1
	L. digitata			65.4 nmol (g tissue)-1  min-1	0.969 nmol  cm-2  min-1
Manley & Dastoor, 1987; Manley & Lowe, 2012	M. pyrifera	8 x 10-3 fmol  cm-2  min-1	Not available	Not available	Not available









































Figure 6. Time-dependent changes in iodide concentration in seawater surrounding kelp blades (an increase in concentration corresponds to the amount of iodine effluxed from kelp blades) for Macrocystis blades incubated with 1.98 mM H2O2.  Circles represent duplicate trials with error bars showing standard deviation from the average. Average rate (90-180 min) = 0.50 ±.03 moles  hr-1  g-1 FW.           	






Macrocystis has an elaborate iodine metabolism, which is likely significant for impacting iodine speciation in seawater around kelp beds and for volatile halogen emissions into the coastal atmosphere.
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